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Abstract:  Prediction  of  high-risk  individuals  and  the  multi-risk  approach  are  common 
inquiries in caries risk epidemiology. These studies prepared the ground for future studies; 
specific  hypotheses  about  causal  patterns  can  now  be  formulated  and  tested  applying 
advanced  statistical  methods  designed  for  causal  studies,  such  as  structural  equation 
modeling,  path  analysis  and  multilevel  modeling.  Causal  studies  should  employ 
measurements, analyses and interpretation of findings, which are in accordance to causal 
aims. Examples of causal empirical studies from medical and oral research are presented. 
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1. Common Approaches in Caries Risk Studies 
 
Two main approaches can be identified in caries risk studies: prediction of high-risk individuals and 
multi-risk assessment of disease patterns in populations. In the prediction approach, studies seek to 
identify characteristics of high-risk and low-risk individuals [1]. In the multi-risk approach, multiple 
factors are studied as risks related to dental caries. Multi-risk studies seek to identify risks or to explain 
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variations in caries occurrence by evaluating a combined effect of multiple risk factors. Some caries 
risk studies combined the two aforementioned approaches. The main focus of both approaches is to 
find the strongest factors helping to identify either high risk individuals or risk factors for dental caries.  
 
2. Literature Search for Caries Risk Studies  
 
The present work does not intend to comprehensively review all studies within the area of caries 
risk epidemiology, but rather aims to discuss present approaches and their methodology as tools for 
further advancement of the field. However, to form a backdrop for this project, the MEDLINE (1950 
to Present with daily update) database was searched electronically for the MeSH Subject Headings 
―Dental caries‖ and ―Epidemiological studies‖ and for the truncated keywords: ―caus*‖, ―predict*‖, 
―expla*‖, and ―risk*‖. The search history is presented in Table 1. A total of 768 references were 
extracted and subsequently abstracts and reference lists were manually checked to identify studies with 
a focus on dental caries risk in populations. A total of 222 references were used to analyze current 
approaches in caries risk studies.  
An overview suggests that there is a general lack of consistency in reports from the literature and no 
clear distinction can be made between studies with different aims. Notions such as ‗risk factors‘, ‗risk 
indicators‘, ‗predictors‘ and ‗explanatory factors‘ are frequently used interchangeably [2,3], making it 
difficult to interpret existing literature. In the present work, the studies which mainly sought to find 
characteristics of high-risk individuals were noted as ‗prediction studies‘ and the studies which sought 
to find risk factors for caries were attributed to the ‗multi-risk studies‘. This review classified studies 
into two main approaches: a prediction approach and a multi-risk approach.  
Table 1. The MEDLINE (1950 to Present with daily update) database search for dental 
caries risk studies in populations. 
Steps   MeSH subject heading or keyword   Number of 
references 
Search mode 
1  exp Epidemiologic Studies  1,180,888   Advanced 
2 
dental caries.sh. not restor*.af. not endo*.af. not 
perio.af. not implant*.af. 
26,910   Advanced 
3  1 and 2  2,269   Advanced 
4 
predict*.mp. [mp = title, original title, abstract, name of 
substance word, subject heading word] 
618,379   Advanced 
5 
expla*.mp. [mp = title, original title, abstract, name of 
substance word, subject heading word] 
348,896   Advanced 
6 
caus*.mp. [mp = title, original title, abstract, name of 
substance word, subject heading word] 
1,286,475   Advanced 
7 
risk*.mp. [mp = title, original title, abstract, name of 
substance word, subject heading word] 
1,075,803   Advanced 
8  6 or 4 or 7 or 5  2,901,862   Advanced 
9  8 and 3  768   Advanced 
10 
The titles and abstracts of references from step 9 
overviewed  
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3. Prediction Studies 
 
Prediction studies tested many factors for their ability to predict high- and low-risk individuals and 
many different factors were evaluated as predictors for caries. Sensitivity, specificity, positive and/or 
negative predictive values are usually reported in these studies, indicating the success of prediction [4-6]. 
The  prediction  models  usually  presented  varying  ranges  of  sensitivity  (29%–70%)  [7-12]  and 
specificity (65–80%) [13,14]. Different measures of social factors and past caries experience have been 
shown as the best predictors of high risk groups [15], while other factors usually added little to the 
accuracy of the prediction  [14,16,17]. Opinions differ on the value of past caries  experience as a 
predictor of future caries. Critics argue that one should aim at predicting disease occurrence before 
there are signs of past disease experience [18]. Other problems related to the inclusion of past caries 
related measurements into multiple regression models will be discussed later.  
Averaged individual risk measures such as the odds ratio (OR) and the relative risk ratio (RR) are 
usually presented as measures of the size of an effect in prediction studies [19]. In dental research, the 
confidence  intervals  for  OR  are  usually  wide.  A  few  examples  may  illustrate  this  point.  Daily 
consumption of sweets at the age of 3 years (OR 2.7; 95% CI 1.5–4.8) was associated with a caries 
increment  between  7  and  10  years  of  age  [20].  Another  study  reported  that,  after  controlling  for 
fluoride history, medical problems, diet, and self-reported oral hygiene, children with attention-deficit 
hyperactivity disorder (ADHD) had nearly 12 times the odds (OR = 11.98; 95% CI 1.13, 91.81) of 
having  a  high  DMFT  score  than  children  who  did  not  have  ADHD  [21].  It  is  also  important  to 
emphasize that if the OR is interpreted inappropriately i.e., as RR, it will always overstate the effect 
size [22].  
 
4. Multi-Risk Studies 
  
Similar to  prediction  studies,  numerous  multi-risk  studies  have been reported.  In these studies, 
caries has been associated with multiple factors [23-27]. This approach has enabled researchers to 
detect the effects of single risk factors nestled in a background of multiple risk factors [28]. However, 
a rather common approach in these studies is that the risk for disease is usually assumed as residing 
within  individuals  and  their  personal  behavior.  Regression  coefficients  are  usual  risk  measures  in 
multi-risk studies. It is important to consider that risk ratios or regression coefficients are only relative 
measures of risk. For example, weights of regression coefficients are highly unstable because when a 
variable is added to or subtracted from the regression equation, the weights of regression coefficients 
change. Moreover, the values of regression coefficients tend also to fluctuate considerably from study 
to study and from sample to sample [29], i.e., the same risk factors are presented with different risk 
ratios  or  regression  coefficients  in  different  studies.  These  inconsistent  findings  should  not  be 
surprising as the regression analysis adjusts for the effects of all the measured factors in any particular 
study; thus resulting estimates such as risk ratios, odds ratios or regression coefficients are adjusted 
effects. After reviewing these studies, in which different sets of independent variables were analyzed it 
is still unclear whether differences in the effects of risk factors should be attributed to  individual 
differences, to differences inherent in different populations, to statistical analysis; or to all of these. 
This makes generalization of the findings difficult.  Int. J. Environ. Res. Public Health 2009, 6                 
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Similar to prediction studies, different measures of past caries experience are often included in 
analytical  models  of  multi-risk  studies.  It  is  important  to  emphasize  that  although  inclusion  of 
measures  related  to  past  caries  experience  can  be  justified  in  prediction  studies,  this  should  be 
discouraged in  multi-risk studies.  For  example, an inclusion of variables, such as ‗the number of 
decayed teeth‘ [30,31] or some other indicators of ‗past caries experience‘ [32,33], and relating them 
to caries in a multi-risk study is inappropriate because there are consequences of including past caries 
experience measures for both prediction and multi-risk models. The main problem with inclusion of 
past caries measures into analyses is that they will hide the effects of weaker, although as important, 
indicators of high risk individuals or, alternatively, of other caries risks. This occurs due to the fact that 
strong predictors (past caries experience measures) are used as indicators of the same progressing 
disease which they intend to predict or explain. Clinically, this could be interpreted as ―past caries is a 
good predictor or  a  good explanatory factor of  future caries‖.  From  an analytical  standpoint, this 
means that past caries measures are simultaneously introduced into both ends of the equation, namely 
in the independent set and in the dependent outcome. Unsurprisingly, analyses will identify them as 
the strongest contributors to both prediction and explanation. A few examples can illustrate this point; 
prediction studies [34,35] found factors related to past caries to be best predictors of individuals who 
will experience caries in the future and, alternatively, multirisk caries studies found past caries as the 
best explanatory factor for future caries [36,37]. Given that past caries measures are used for predicting 
high risk individuals, one still has to evaluate the effects of other important predictors. This can be 
done by supplemental analysis where past caries experience measures are excluded in order to enable 
the weaker predictors to show their contributory effects to future caries prediction.  
 
5. Differences and Commonalities between Prediction and Multi-Risk Approaches 
 
Different  types  of  questions  (aims)  require  different  types  of  study  design;  consequently 
implications of findings from various approaches differ. We believe that this has not been emphasized 
enough in caries risk epidemiology. 
Figure 1 illustrates commonalities and differences between the two approaches as employed in the 
current caries risk epidemiology. Firstly, ‗prediction‘ and ‗multi-risk‘ approaches have different aims, 
but similar measurements and analyses have been chosen. Secondly, in both approaches the central 
focus is on individuals, i.e., all risk measurements are tailored towards individual risk. In this way, 
group (sub-population, population) related risks are neither identified, nor assessed. Thirdly, in both 
approaches  uni-dimensional  (single  aspect  related)  instead  of  multidimensional  (comprehensive 
including multiple indicators) measurements for complex constructs are chosen. Fourthly, single level 
analyses are usually employed in both approaches, where the sequence of direct and indirect influences 
and  interaction  patterns  are  ignored.  This  means  that  concepts  (measurements)  of  distant  (e.g.,  
socio-economic status), intermediate (e.g., toothbrushing frequency) as well as proximal biological 
influence (e.g., bacteriological load) will be treated equally as direct effects and dependency between 
them is not considered in multiple regression (MR) analyses, which are the most frequently employed 
statistical analysis in caries risk epidemiology. 
 Int. J. Environ. Res. Public Health 2009, 6                 
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Figure 1. Current status of common caries risk epidemiology. 
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It is important to remember that in MR models an assumption for independency has to be fulfilled; 
i.e., factors to be tested as ‗predictors‘ or ‗risk factors‘ have to be independent and not interrelated if 
they are to be introduced simultaneously into MR models. Multicollinearity is a serious problem when 
study  variables  are  interdependent,  and  it  undermines  the  validity  of  regression  coefficients.  For 
example, the simultaneous testing of dental plaque scores and the number of bacteria per ml of plaque 
is a serious problem in MR models, which can give rise to spurious results. Despite the seriousness of 
the multicollinearity problem, it has been frequently overlooked in past dental research [38].  
Based on the main differences in the two approaches, we suggest that interpretation of the findings 
in prediction and multi-risk studies as well as their implication should be different. For example, a 
common finding in prediction and multi-risk studies is that biological factors (proximal effects) show 
stronger associations than lifestyle (intermediate effects) or social factors (distal effects) in regards to 
predicting future caries activity. The reason for this can be partly attributed to analyses such as linear 
multiple regression where all factors are evaluated as equally direct effects. According to Victora et al. [39], 
when distal, intermediate and proximate factors are simultaneously included in a regression model, a 
reduction or elimination of the distal factors‘ effects is observed. This observation may, frequently, 
lead researchers to think that proximal  factors  (usually  biological)  are  more important  than distal 
factors (usually indicators of socioeconomic position). Another substantial problem in multirisk caries 
studies is that the presence of site-specific risks, e.g., difference in risks even within the same oral 
cavity, is not accounted for in the present approaches. Obviously, this difficulty adds to the complexity 
of studying multirisks. Since different sites in the oral cavity present different risks, the susceptibility 
to these risks differs among individuals, and the susceptibility to dental caries also differs among 
population groups as well as among countries. We suggest that when looking at the development of 
chronic diseases, a comprehensive study of multirisk should be undertaken in which the operation of 
the risks at different levels is assessed. For example, four different levels (hierarchies) of operating 
factors can be identified in  caries  development  even within the  same country, namely site, tooth, Int. J. Environ. Res. Public Health 2009, 6                 
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individual and population  group  (sub-population)  related factors.  In  future  explanatory  studies  the 
interactions among factors across and within levels should also be modeled.  
 
6. Limitations of Current Approaches  
 
The main limitations of current caries risk epidemiology may be outlined as follows:  
  Lack of success to predict high-risk individuals. 
  Lack of success to explain variations in caries among individuals, population subgroups or 
between populations. 
  Evidence for dental health promotion is insufficient; individual-based caries risk studies are 
plenty, while population-based risk studies are scarce.  
  Current  approaches  cannot  efficiently  support  population-based  dental  health  preventive 
programs.  
 
Lack of success to predict high-risk individuals 
 
It is important to consider that despite numerous attempts to predict disease, prediction models are 
inaccurate for targeting high-risk people as a large percentage of people truly at high risk would be 
missed by existing prediction models [40]. Moreover, the fact that prediction studies aiming to find 
high-risk individuals report higher specificity scores, i.e., the ability to predict the individuals who will 
not develop disease, than sensitivity scores, i.e., the ability to predict the individuals who will develop 
disease,  speaks  to  the  problem  of  disease  prediction.  It  has  been  reported  that  changes  in  caries 
experience occurred throughout populations and are not confined to subgroups. Therefore, strategies 
limited to individuals 'at risk' would fail to deal with the majority of new caries lesions [41]. Moreover, 
doubt has been raised that no universally applicable multi-parameter predictive model is ever likely to 
be discovered [42], and that an accurate caries risk prediction model for use across all populations does 
not exist and might be unattainable [42,43]. 
 
Lack of success to explain variations in caries among individuals, population subgroups or between 
populations 
 
From the literature, it would appear that multi-risk studies are less helpful in explaining disease 
occurrence than prediction studies which try to predict high risk individuals because multi-risk studies 
at best explain only 50% of the variation of caries [19,44-47]. For example, a hierarchical logistic 
regression model explained only 15% of variation in self-perceived oral health among adolescents by 
means of four groups of independent variables, namely ‗socio-demographic‘, ‗oral health behaviors‘, 
‗clinical oral health indicators‘ and ‗subjective measures of oral health‘ [48].  
The multi-risk studies seek to find multiple risks for developing a disease. Greenland, a well-known 
scholar in epidemiology, describes ―risk-factor epidemiology‖ as epidemiologic studies in which data 
are collected without any test–hypothesis being stipulated in advance, or in which data collected for 
other purposes are analyzed to look for associations among certain exposures and diseases [49].  Int. J. Environ. Res. Public Health 2009, 6                 
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From what does exist, the main limitation of multi-risk studies is due to problems with the study 
design, i.e., although studies aimed to identify multiple risk factors for a disease or sought to explain a 
disease with multi-risk models, the measurements and analyses employed were in accordance with the 
aims of prediction studies, but not with the aims of multi-risk (explanatory studies). Moreover, the 
multi-risk approach is a deterministic approach to causation and has been suggested to be an outdated 
principle [50]. Furthermore, multi-risk (multi-association) models can be criticized because factors 
from different levels e.g., biological, lifestyle, or social, are treated as equally direct effects. 
 
Evidence for dental health promotion is insufficient: individual-based caries risk studies are plenty, 
while population-based risk studies are scarce  
 
Dental  researchers  are  currently  focused  on  individuals  without  a  proper  consideration  of  risks 
inherent in population subgroups or populations. In providing evidence for the promotion of dental 
health, it is important to consider two distinctly different strategies, namely the ‗high-risk strategy‘ and 
the  ‗population  strategy‘.  The  individual  focus  in  caries  risk  studies  provides  evidence  for  the  
‗high-risk  prevention  strategy‘  while  population-based  caries  risk  studies  are  necessary  for  the 
‗population strategy‘. These two distinctly different strategies have been suggested and discussed by 
Geoffrey Rose, an eminent epidemiologist, whose ideas transformed strategies for improving general  
health [51]. The combination of two strategies should be useful for reducing inequalities in dental 
health but their implementation should be approached differently. 
 
At present, most evidence has been accumulated for the ‗high risk strategy‘ which is adequate for 
dental practitioners focusing on individuals with the highest risk for caries. The main strength of this 
strategy is that prevention is matched individually; this increases the likelihood of a cost-effective use 
of resources. Concomitantly, the main weaknesses of the high-risk strategy are that successes may be 
palliative (temporary) and that the overall reduction of risks in a population may be small [52].  
The  ‗population  strategy‘  may  provide  long  term  results  of  maintaining  good  dental  health  as 
compared to the short term improvement  gained from the ‗high risk strategy‘, which targets only 
individuals at high risk for caries. The ‗population strategy‘ may also be culturally appropriate and 
achieve a sustainable general change in the behavioral norms of socially conditioned behaviors [53]. 
The main limitations of the ‗population strategy‘ are that it offers only small individual benefits and 
requires major societal shifts to achieve long term behavioral improvements [53].  
 
Current approaches cannot efficiently support population-based dental health preventive programs  
 
The purpose of epidemiology is to acquire evidence regarding the patterns of a disease and its 
associated  determinants,  causes  or  risk  factors  and  to  apply  that  knowledge  to  improve  public  
health [54,55]. This means population-focused prevention based on evidence is a cornerstone of public 
health [56].  
Given that identification of causal pathways for oral health inequalities is essential for public health 
programs and policies [57], current approaches focusing on individual risks to caries have little to offer 
for  public  health-based  health  promotion  strategies.  The  latter  need  evidence  from  studies  where Int. J. Environ. Res. Public Health 2009, 6                 
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population  (or  subpopulation)  related  risks  and  pathways  leading  to  a  disease‘s  development  are 
identified and adequately tested.  
If only one or two factors were strongly associated with caries experience, it would be much easier 
to establish an effective and simple preventive system [58]. Given the multifactorial nature of caries 
development, current approaches of caries risk studies and their limitations do not offer sufficient 
evidence  for  planning  interventions  for  population-based  programs.  Consequently,  society  cannot 
manage  prevention  effectively  when  variability,  uncertainty,  and  limited  causal  knowledge 
characterizes decision making. It has been noted that population-level prevention and intervention 
must  be  re-examined  in  light  of  the  limits  of  risk-factor  findings  at  the  individual  level  [59]. 
Consequently, an alternative approach is needed, in which patterns leading to disease occurrence are 
studied. Moreover, findings from studies about  causes may provide crucial clues to the design of 
preventive interventions [60].  
 
7. Towards Further Understanding of the Development of Dental Caries in Populations: A 
Causal Approach as an Alternative to Prediction and Multi-Risk Assessment  
 
As things stand, it is not surprising that caries epidemiologists should feel increasingly frustrated. 
Like all sciences, epidemiology seeks to explain the causes of things [61]. Consequently, causation has 
been accepted to be an essential concept in epidemiology [62]. The longitudinal prospective design 
permits investigation of causes and outcomes [63]. However, the common way epidemiologists search 
for causes continues to be through the test of risk factors (potential causes), one-by-one even if these 
risk factors are each part of a multi-causal complex [64]. 
Towards a further understanding of causes or risks leading to the occurrence of disease or to the 
understanding of causes contributing to health maintenance in groups of individuals or populations, an 
alternative causally (explanation) oriented approach is needed. The expected implication goal of this 
approach is to identify and, if possible, influence the underlying causes of our society‘s major health 
problems [65]. In this approach, the hierarchical structure of occurring events is acknowledged and 
causes are estimated at multiple levels of organization and within the context of both societies and 
individuals.  Consequently,  we  believe  that  causal  thinking  should  proceed  with  a  deepened 
understanding of study design [66] . 
In the preliminary stages, it is important to decide
 the scope of the causal study, what is the topic of 
interest?  how  many  levels/types
  of  occurrences  will  be  included  to  convey  the  necessary  
inter-relations?  and  which  part  of  the  causal  web  will  be  estimated?  [67].  Subsequently,  causal 
hypotheses should be developed to explain a particular phenomenon in which causal aims guide the 
choice  of  measurements,  the  analytical  procedures  and  the  interpretation  of  the  results  [68].  It  is 
important to emphasize that the components of any causal pattern are themselves rich structures, where 
each part could be expanded to show its complex contents [69]. This means the different components 
of  a  study  design  should  be  considered  thoroughly,  i.e.,  complex  concepts  must  be  measured 
multidimensionally,  and  analyses  must  have  the  ability  to  assess  patterns  where  occurrences  are 
multiple and interactive at different levels, e.g., biological, lifestyle and social.  
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8. Causal Studies—Focus on Measurements and Analyses 
 
Limitations of the current  design for studying complex patterns of oral disease may be mainly 
attributed to the choice of measurements and analyses. Thus, a different focus on measurements and 
different analyses are needed to facilitate the alternative approach in caries epidemiology.  
 
Re: Selection of measurements 
 
Recent publications have criticized the weak conceptual foundation of both health status measures 
and  the  uses  to  which  they  are  put  [70].  Thus,  the  primary  challenge  for  health  researchers  are 
conceptual  considerations  for  measurements  including  (a)  definition  of  health  outcome;  
(b)  determination  of  specific  health  or  risk  constructs  relevant  to  the  study‘s  objectives;  and  
(c) specification of associations and patterns for hypothesis testing. Candidate measures need to be 
evaluated for how well they correspond to both the a priori–specified conceptual and methodological 
needs [70].  
Regarding measurements, at least a few aspects should be considered; the most appropriate for the 
particular  purpose,  the  benefits  of  multidimensional  measurements  and  the  scale  on  which  the 
measurements will be taken. 
Multidimensional  indices  should  be  used  for  measures  related  to  population  health,  i.e., 
measurements  should  consider  more  than  one  aspect  of  complex-  structures  [69]  because  of  the 
unavoidable shortcoming of using a single measurement (unidimensional) as an adequate indicator of a 
complex  (multidimensional)  phenomenon  [71].  This  means  that  each  complex  concept  should  be 
indicated  by  a  few  highly  interrelated  measurements  and  many  variables  (measurements)  may  be 
needed to represent sequences of events at each of the chosen levels [72].  
In dental caries research, any risk-related construct should be seen as a continuum, i.e., from no risk to 
excessive risk exposure. Consequently, researchers with causal or explanatory aims should attempt, 
where possible to measure risks on interval scales in order to obtain accurate measurements [73,74]. 
This  requirement  is  important  because  it  has  been  reported  that  measuring  inherently  continuous 
phenomena  with  ordinal  scales  instead  of  using  interval  scales  weakens  the  power  to  detect  
effects [75,76].  
The integration of new approaches and new measurement tools demands methodological innovation 
and must include development of new concepts and related statistical models to help us understand 
complicated patterns of relationships among different concepts [77].  
 
Are prediction analyses suitable for causal inquiries? 
 
Several statistical textbooks have suggested or recommended the use of multiple regression (LMR) 
for both prediction and explanation [78,79]. Therefore, not surprisingly, linear or logistic multiple 
regression (LMR) has been frequently employed in both prediction and multi-risk studies.  
Regarding  the  analyses,  prediction  analyses  cannot  be  chosen  for  testing  models  comprising 
interrelated measurements, as the main assumption for independence will obviously be violated. This 
means  that  analyses,  such  as  simple  linear  multiple  regression,  currently  employed  in  caries  risk Int. J. Environ. Res. Public Health 2009, 6                 
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epidemiology have strong limitations when testing patterns of interaction among complex interrelated 
measurements.  Moreover,  currently  employed  analyses  do  not  recognize  that  causal  events  may 
connect individuals, i.e., the outcome in one individual is erroneously assumed to be independent of 
the outcome in  other individuals  [80].  However, this  dependency among individuals  or groups of 
individuals should be considered and its assessment approached in the study design.  
It is important to emphasize that linear multiple regression has strong limitations for testing causal 
hypotheses or theory supported patterns. LMR analyses are not in accordance with explanatory or 
causal aims because strong factors hide the effects of weaker factors, interactions are not considered, 
and factors with both direct and indirect effects are treated equally. One of the possible reasons for the 
inadequacy  of  this  analysis  for  causal  testing  is  that  LMR  analysis  was  primarily  designed  for 
prediction studies aiming to find a few, not related and not necessarily causal indicators of high-risk 
individuals. A detailed discussion of limitations of LMR for testing causal patterns has been discussed 
elsewhere [81].  
 
Causal analyses are necessary for causal inquiries 
 
It is important to consider the specific features of dental population-based research. Data on caries 
are usually collected with the tooth surface or the tooth as the unit of measurement, but subsequently 
data is analyzed by aggregating information at the level of the individual. It has been demonstrated that 
the precision of the estimates increased considerably when the tooth as compared to the individual was 
used as the unit of analysis [82].  
The  growing  knowledge  about  multilevel  interactions  raises  a  question  why  so  much  health 
research continues to focus on single effects of specific factors, rather than elaborating the contextual 
nature of causal influences [83]. In order to estimate the precise extent of the relation between specific 
factors and the occurrence of oral disease, a coherent disease model is required. This model should 
also permit multivariate causal analysis to control for confounders and interactions. Only with such a 
disease model will it be possible to investigate causes of oral disease development in populations [84]. 
As mentioned earlier, studies employing causal methodologies or causal analyses are uncommon in 
dental epidemiology. Consequently, new statistical analyses should be sought.  
Complex statistical methods are available which challenge researchers to test together interrelated 
multidimensional structures defined at different levels, and thus enable us to explore and assess more 
sophisticated  models  [85].  A  few  causal  analyses  have  been  overviewed  by  Greenland  and  
Brumback [86]. A statistical tool such as structural equation modelling (SEM) or path analysis can be 
useful for testing causal hypotheses in caries risk epidemiology. The advantage of these analyses is 
that they require a priori hypothesized model which can be tested in a simultaneous analysis of the 
entire  system  of  variables  to  determine  the  extent  to  which  it  is  consistent  with  the  data  [87]. 
Compared with standard regression methods, the SEM or path analysis (PA) is guided by a theory or 
hypothesis driven approach, thus the resulting equations are a more accurate representation of the true 
causes  of  variation  in  the  outcome  variable  [88].  By  demanding  that  the  pattern  of  intervariable 
relations be specified a priori, SEM and PA lend themselves well to the analysis of data for inferential 
purposes. By contrast, most other multivariate procedures are essentially descriptive in nature, so that 
the hypothesis testing is difficult, if not impossible [87].  Int. J. Environ. Res. Public Health 2009, 6                 
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In  the  social,  medical  and  biological  sciences,  multilevel  or  hierarchically  structured  data  are 
common [89]. Obviously, current approaches in caries risk epidemiology lack a systematic approach to 
correct for the clustering of dental disease within mouths. This could be addressed by using Multilevel 
Modeling statistical techniques, which accommodate the hierarchical structure of information [90]. 
These points  were made  clearly  by  oral  epidemiologists, Newton and Bower,  who presented new 
approaches  to  conceptualize  and  research  causal  networks  [90].  A  few  applications  of  advanced 
statistical techniques will be presented in later sections.  
Another  advantage  of  advanced  statistical  techniques  is  that  revisions  of  the  models  may  be 
performed and subsequently tested. Moreover, the findings may give some clues for future inquiries or 
where to expand the present models in order to include missing links, i.e., evidence can be acquired 
and built incrementally through a series of consecutive studies. For example, if an association between 
the two factors is known but is not strong, one can further hypothesize and subsequently test the 
missing links between the two factors. This way, evidence about chronic disease development can be 
built incrementally by continuously including newly identified causal (or risk related) links.  
 
Different treatment of „confounder‟ variables in prediction and causal analyses 
 
Consideration of confounding is fundamental to the design, analysis, and interpretation of studies 
intended to estimate causal effects [91]. In causal analyses, confounders will be treated differently than 
in the most frequently used analyses of current epidemiology. In current caries research, the usual 
treatment of confounders is to control for them and present magnitudes of risk effects for each factor 
after such control was employed. We would suggest that this approach should not be encouraged in 
causal studies because it limits the amount of acquired knowledge. For example, knowing that a risk 
factor influences two genders differently and controlling for it in multivariate analyses helps little to 
understand how or why these differences evolved. In causal analyses, causal patterns can be compared 
across gender groups, social classes, ethnic groups, or between groups residing in different geographic 
locations (e.g., low-fluoride vs. optimal fluoride). This feature of causal analyses allows us to identify 
similarities as well as differences within patterns, thus enhancing our causal understanding. 
 
9. Empirical Examples of Causal Studies 
 
A  few  examples  from  medical  and  from  dental  epidemiology  were  chosen  to  illustrate  the 
evaluation of causal hypotheses.  
 
A medical example of a causal study 
 
The purpose of this causal study [92] was to evaluate the causal relationships among arteriosclerotic 
risk  factors,  including  age,  smoking,  alcoholic  consumption,  exercise,  hypercholesterolemia, 
hypertriglyceridemia, and hypertension. The study hypothesis was that obesity leads to hyperlipidemia 
and the latter to hypertension. The extrinsic variables were age, smoking, alcohol consumption and 
exercise and the intrinsic variables: obesity, hyperlipidemia, and hypertension. The causal analysis was 
employed  to  test  a  hypothetical  causal  model  applying  the  Structural  Equation  Modeling.  Results Int. J. Environ. Res. Public Health 2009, 6                 
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showed that risk factors were directly and indirectly interrelated, and lifestyle variables (smoking, 
alcohol  consumption,  and  exercise)  influence  almost  all  arteriosclerotic  risk  factors.  The  authors 
interpreted their findings and suggestions in a causal way, “alcohol use increased the tendency toward 
obesity and then hyperlipidemia indirectly”. Based on their findings, the authors make suggestions for 
a health prevention program that intends to modulate risk factors to prevent hyperlipidemia.  
 
Causal studies in dentistry  
 
The  study  by  Litt  et  al.  applied  a  causally  guided  study  design  to  investigate  dental  caries 
development  in  low-income  children.  Relationships  among  biological,  cognitive,  behavioral,  and 
social  variables  were  hypothesized  [93].  All  measurements  were  pre-tested  on  pilot  studies 
(development  of  the  measurement  model).  Subsequently,  causal  analyses  (structural  equation 
modeling) were employed to test the series of causal hypotheses and for the stepwise construction of 
the  final  model.  Causal  hypotheses  modeled  both  direct  and  indirect  effects  and  their  patterns  of 
interactions, e.g., ‗brushing and use of a baby bottle directly influence the number of Streptoccoci 
mutans,  while  sugar  use  directly  influences  numbers  of  Streptoccoci  mutans  and  ‗past  caries 
experience‘ and ‗future caries experience‘ is directly influenced by numbers of Streptoccoci mutans 
and  past  caries  experience‘.  The  final  causal  model  presented  paths  of  coefficients  and  their 
directionality to future caries experience. The goodness of fit of this model was very high as 99% of 
the covariance between the introduced factors was explained by the model. The likeliness of the model 
was also good (P = 0.47). The authors make their suggestions for preventive programs based on their 
findings. An interested reader can refer to a few other causal empirical studies [94-96].  
A recent study by Donaldson et al. explored the effects of social class and dental attendance on oral 
health  and  concluded  that  the  association  between  socioeconomic  status  (SES)  and  dental  health 
(number of sound teeth) is partially explained by the pathway SES  barriers to dental attendance  
dental attendance  number of sound teeth. Based on their findings, the authors suggest for future 
studies to explore other oral health related outcomes [97].  
Bower  et  al.  evaluated  the  effects  of  area  deprivation  on  oral  health  applying  multilevel  
modeling [98]. Interestingly, the authors discuss the limitation of their unidimensional indicator of area 
deprivation  “it is  very difficult to  capture essence of  deprivation in  one score” and  subsequently 
suggest using a multidimensional measure, ‗the Scottish Index of Multiple Deprivation 2004‘, which 
consists of 31 indicators in the six domains of income, employment, housing, health, education, skills 
and training and geographic access to services [98]. 
 
10. Conclusions 
 
The current approaches of caries risk epidemiology have limitations for further advancement of the 
science. Thus an alternative causal approach is proposed. This approach encourages thinking about 
causes at multiple levels of organization and within the context of both societies and individuals. The 
proposed approach is not in contradiction with current oral epidemiology and aims to preserve and 
build on the contributions of past eras.  
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